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 This paper evaluates the impact of multi-5G small cell systems on the energy 
efficiency (EE) in a Fifth Generation (5G) of cellular networks. Both  
the proposed model and the analysis of the EE in this study take into account 
(i) the path losses, fading, and shadowing that affect the received signal at  
the user equipment (UE) within the same cell, and (ii) the interference effects 
of adjacent cells. In addition, the concepts of new technologies such as large 
MIMO in millimeter range communication have also been considered.  
The simulation results show that the interference from adjacent cells can 
degrade the EE of a multi-cell cellular network. With the high interference 
the number of bits that will be transferred per joule of energy is 1.29 Mb/J 
with a 0.25 GHz bandwidth and 16 transmit antennas. While, with a 1 GHz 
bandwidth the transfer rate increases to 5.17 Mb/J. Whereas, with 64 transmit 
antennas the EE improved to 5.17 Mb/J with a 0.25 GHz BW and 20.70 Mb/J 
with a 1 GHz BW. These results provide insight into the impact of 
the number of antennas in millimeter range communication and  
the interference from adjacent cells on achieving real gains in the EE of 
multi-5G small cells cellular network. 
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The mobile subscriptions grew around 4% between Q1 2016 and Q1 2017, to reach 7.6 billion in Q1 
2017; while mobile data traffic grew around 70% in the same period, to reach around 9.7 ExaBytes (EB) per 
month in Q1 2017; the reason behind this increase is a continuous development in cellular networks and its 
ability to meet mobile subscriber needs and provide high data speed rates. Accordingly, it is expected that  
the mobile subscriptions are growing to be 9 billion by 2022, with mobile data traffic approximately up to 71 
EB/month, where that 75% will be for mobile video traffic [1]. These challenges have been a crucial step 
towards the fifth generation of cellular networks, which it is expected to be deployed by 2020 [2]. 
5G will have to fulfil many requirements, and a critical one is to deliver high network energy 
performance [3]. High energy performance requires a fundamental change of design principles and 
implementation practices within the mobile telecom industry. Thus, 5G technology adopts a set of new 
technologies; a detailed survey on 5G networks has been presented in [4]. The intensive deployment of 5G 
small cells with mm-waves along with large MIMO will play a significant role in developing 5G cellular 
network, to overcome the explosive increase in mobile traffic and improve EE of the network, as well as 
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throughput and a prolong battery life of mobile phone [5]. In 2015, more than 40,000 small cells  
were deployed [6], and this number is expected to increase in the future upon the deployment of 5G 
technology [7]. As shown in [8], the number of 5G small cells is anticipated to become four times larger than 
the number of existing macro sites to cover the same service area. The number of bits transmitted per joule of 
energy, called energy EE, is used as a performance measure in a green cellular communication system.  
EE metrics have been discussed in [9, 10]. Since that the performance (the number of bits transmitted) of 
cellular communication system has been mainly limited by the interference from adjacent cells, as well as by 
the path losses, fading, and shadowing. Hence, evaluate the impact of multi-cells system on the EE in cellular 
networks is considered an important issue and need to more investigation, which represents a real cellular 
network case. Therefore, the key contribution of this paper is a modelling and analyzing EE based on  
multi-5G small cells of cellular network system to promote the concept of green communication in the next 
generation network. The concepts of new technologies such as large MIMO (16, 32, and 64 antennas) in 
millimeter range communication (28 GHz) has been incorporated in the proposed model. 
The rest of this paper is organized as follows. Section 2 includes related works. The system model is 
described in Section 3. The mathematical formulations that considered in this study are given in Section 4. 
The simulation setup is provided in Section 5. Results and discussion in Section 6. Finally, conclusions are 
drawn in Section 7. 
 
 
2. RELATED WORKS 
The fundamental trade-off between energy efficiency in terms of the total number of bits transmitted 
per Joule per terminal receiving service of energy spent, and spectral efficiency, has been examined  
in [11, 12]. Authors in [11] have conducted the trade-off for three cases: (i) A reference system with one 
single antenna serving a single UE; (ii) A system with 100 antennas serving a single UE using conventional 
beamforming; (iii) A large MIMO simultaneously serving UE. The simulation results shown that a large 
MIMO system with 100 antennas an efficient in term of energy efficiency. In addition, the SE– EE trade-off 
is developed in [13] based on the asymptotic SE and the realistic power consumption model for large MIMO 
system. In the same context, the simulations that have been conducted in [11] shown that each single-antenna 
user in a large MIMO system can scale down its transmit power proportional to the number of antennas at  
the BS with perfect channel state information (CSI) or to the square root of the number of BS antennas with 
imperfect CSI, to get the same performance as a corresponding single-input single-output (SISO) system. 
Moreover, the relationship between the energy efficiency and spectrum efficiency in a two-cell LTE cellular 
network, and the impact of multi-antenna on the energy efficiency of cellular network, investigated  
in [14, 15]. However, these studies were address on the EE issue into the legacy cellular networks; and did 
not address the issue of EE in the next cellular generation (5G), which it is expected to be deployed by 2020.  
To continue the vision and promote the concept of green communication and a step towards achieving  
a green and sustainable 5G cellular networks. This study examined EE issue on multi-5G small cells of 
cellular network system in millimeter range communication; with consider the interference from adjacent 
cells, as well as by the path losses, fading, and shadowing.  
 
 
3. SYSTEM MODEL 
As shown in Figure 1, the BS coverage range is configured as a typical hexagonal cell. The main 
inter-interference is assumed to be transmitted from two adjacent cells. The system model is used to study  
the impact of multi-5G small cell systems on the EE of cellular network. The EE, measured in bits per joule, 
is defined as the total amount data delivered (in bits per second) divided by the total power consumed by  
the BS (in watts). The main phenomena that affect on the data delivered (bits per second) from BS1 to UE 
are: (i) the path losses, fading, and shadowing within the same cell (PL_mod_SUI), and (ii) the inter-
interference effects of adjacent cells BS2 and BS3 (PI2 and PI3). While, the total power consumed by  
the BS1 is a directly proportional to the transmission power of BS1 (Ptx_BS1); and the Ptx_BS1 depends on 
the radius of coverage and the signal propagation fading. More details about the mathematical models will be 
given in the following section. 
 
 
4. MATHEMATICAL MODEL 
4.1. Energy efficiency model 
Based on the 5G cellular network system model shown in Figure 1, the EE mathematical model as 
stated below, 
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Figure 1. System model of multi-5G small cells 
 
 
In the EE mathematical model given in (1), the path loss, fading, shadowing, and  
the interference effects from adjacent cells are considered. However, for ease of understanding, this EE 
model is simplified and explained in the following paragraphs. In a communication system, the EE, 





EE   (2) 
 
where R is the total data delivered to the UE, and BS
totP  is the total power consumed. 
BS
totP  can be 
calculated by the following formula [16], 
 

































DC is the DC-DC regulator losses, MS is the main power supply losses, and cool is the air-conditioner 
losses. However, by introducing RRHs, feeder losses are avoided by mounting the power amplifier (PA) 
close to the transmit antenna and using an optical fiber cable. In addition, cooling (air-conditioner) losses are 
omitted in small BS [16]. 
1_ BStxP  is the output power per transmit antenna, RFP is the radio frequency power, 
and 
BBP is the baseband power. Since that the C-RAN architecture is considered in this study, PBB is omitted, 
because a baseband unit is installed in the central office. 
PA  is the PA power efficiency, and NTRX is the total 
transceiver antennas in the site. 
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4.2. Data rate 
As known of Shannon theory, the data rate is directly proportional with the antennas and bandwidth, 
and logarithmically proportional with SINR [10], 
 
𝑅 = 𝑁𝐴𝑛𝑡𝐵𝑊𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅) (4) 
 
where BW is the bandwidth; and SINR is the signal to interference plus noise ratio, and can be 

















where PI is the interference power of the neighbour BS2 and BS3 (which are denoted as PI2 and PI3, based on 
Figure 1, No is the noise in wireless channels; and Prx is the received power at UE 
 
4.3. 5G propagation model 
The basic propagation model of the received power (Prx) as stated below [17], 
 
𝑃𝑟𝑥 = 𝑃𝑡𝑥_𝐵𝑆𝐼 + 𝐺1 − 𝑃𝐿𝑚𝑜𝑑𝑆𝑈𝐼
(𝑅𝑐1) (6) 
 
where G1 is the antenna gain at BS1, and PL_mod_SUI is the path loss model for 5G small cell. 
The transmission power of BS1 (Ptx_BS1), depends on two main factors: (ii) the required coverage 
area, and (ii) the surrounding environment (propagation fading). To simplify the model derivation, the macro 
BS transmission power is normalized as Po = 40 W with the coverage radius Ro = 1 km. Similarly, the Ptx_BS1 







The mm-wave spectrum is very sensitive to losses due to reflection and diffraction, which greatly 
depend on the material and the surface. Moreover, reflection and diffraction reduce the range of mm-waves 
and decrease the ability of a mm-wave signal to penetrate buildings (e.g., brick and concrete) and most solid 
materials (the attenuations for different materials are given in [19, 20]. In this study, the modified Stanford 
University Interim (SUI) path loss model (PL_mod_SUI) for a frequency of 28 GHz for Non-Line of Sight 
(NLOS) is proposed, as given in (8). This mathematical model (the modified SUI path loss model) is 
constructed based on extensive empirical measurements [8], 
 
𝑃𝐿𝑚𝑜𝑑𝑆𝑈𝐼
(𝑅𝑐1) = 𝛼𝑁𝐿𝑂𝑆𝑥 (𝑃𝐿𝑆𝑈𝐼(𝑅𝑐1) − 𝑃𝐿𝑆𝑈𝐼(𝑑𝑜)) + 𝑃𝐿(𝑑𝑜) + 𝑋𝑜 (8) 
 
where 𝛼𝑁𝐿𝑂𝑆 is the mean slope correction factor obtained directly from the NLOS empirical results, 
𝑃𝐿𝑆𝑈𝐼(𝑅𝐶1) is an original SUI model at a distance 𝑅𝑐1, 𝑃𝐿𝑆𝑈𝐼(𝑑𝑜) is an original SUI model at a reference 
distance do, PL (do) is the free space path loss in dB at do, and Xσ is a typical lognormal random shadowing 
variable with 0 dB mean and standard deviation σ. The original SUI model PL_SUI (Rc1) for a frequency above 2 
GHz is [8], 
 
𝑃𝐿 𝑆𝑈𝐼 (𝑅𝑐1) = 𝑃𝐿(𝑑𝑜) + 10𝑛𝐿𝑜𝑔10 (
𝑅𝑐1
𝑑𝑜
) + 𝑋𝑓𝑐 + 𝑋𝑅𝑋 + 𝑋𝜎 (9) 
 













hban   (11) 
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where λ, Xfc, and XRX denote the carrier wavelength, the correction factors for frequency, and receiver 
heights, respectively. fMHz is the carrier frequency. hTX and hRX is the transmitter and receiver antenna heights, 
respectively. The parameters a, b, and c are constants used to model the terrain types encountered in  
the service area. The SUI terrain type A is considered, with parameters given as a = 4.6, b = 0.0075, and  
c = 12.6 [8]. 
The interference power of the adjacent cells that affect the received signal at the UE can be 
expressed mathematically as, 
 
𝑃𝐼 = ∑ (𝑃𝑡𝑥−𝐵𝑆𝑖 + 𝐺𝑖 − 𝑃𝐿𝑚𝑜𝑑𝑆𝑈𝐼
(𝑅𝑐𝑖))
3
𝑖=2  (14) 
 
The transmission power of the BS2 and BS3, and the modified-SUI NLOS path loss model are 
expressed similarly to BS1, as given in the following equations, 
 
𝑃𝑡𝑥_𝐵𝑆𝑖 = ∑ 𝑃𝑜𝑥(𝑅𝑐𝑖/𝑅𝑜)
𝛼3
𝑖=2  (15) 
 
𝑃𝐿𝑚𝑜𝑑𝑆𝑈𝐼
(𝑅𝑐𝑖) = 𝛼𝑁𝐿𝑂𝑆𝑥 (𝑃𝐿𝑆𝑈𝐼(𝑅𝑐𝑖 + ∆) − 𝑃𝐿𝑆𝑈𝐼(𝑑𝑜)) + 𝑃𝐿(𝑑𝑜) + 𝑋𝜎 (16) 
 
where ∆ represents the distance between the UE and the edge of the cell1 within cell1. For example,  
if the UE is being determined at the edge of cell1, ∆ will equal zero 
 
 
5. SIMULATION SETUP 
The simulation layout is given in Figure 1. The modified SUI model at 28 GHz is considered in this 
study; additional details about the simulation parameters that are used in the present study are given in  
Table 1. Note that the simulation parameters for both cell2 and cell3 are similar to cell1. 
 
 
Table 1. List of simulation parameters 
Item Parameter Acronym Cell1 
Network  Carrier frequency fc 28 GHz 
Bandwidth BW 0.25, 0.5, 1 GHz 
Max. cell radius Rc1 200 m 
Reference distance do 1 m 
BS  eNB transmission power Ptx_BS1 1.6 W 
32.04 dBm 
(PA) power efficiency ηPA 38.8 % 






DC-DC power loss σDC 8 % 
Main supply loss σMS 10% 
Cooling σCool No needed (small cell) 
eNB antenna height h TX_BS1 7 m 
Tx antenna gain G1 7 dB 
Number of antennas NAnt 16, 32, 64 
Noise figure Nf 9 dB 




Propagation model  PL_mod_SUI Modified SUI-NLOS 
Slope correction factor αNLOS 0.71 
AWGN No 6 dB 
Shadow fading margin Xσ 6 dB 
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6. RESULTS AND DISCUSSION 
The received power level is commonly used in wireless communication as a measure of the quality 
of wireless connections because each radio receiver can only detect and decode signals with strengths greater 
than the minimum receiver sensitivity power. This section first discusses the effects of the path loss, fading 
and shadowing on the received power level at the UE within cell1, as well as the interference effects from 
adjacent cells (cell2 and cell3) on the received power level at the UE over different cell radii. Because the EE 
is a function of both the data rate and the total BS power consumption, the second part of the discussion 
focuses on the data rate that will be delivered to the UEs under the effects of propagation path loss,  
multi-path (small-scale) fading, shadow (large-scale) fading and the interference power of the adjacent cells. 
The final part of this section evaluates the EE based on the proposed multi-LTE macro BSs system model. 
The received signal power decreases rapidly as the transmit-receive distance (radius of cell) increases 
(𝑃𝑟𝑥 (𝑟) = 𝑃𝑟𝑥 𝑟
−𝛼. This power decrease is because the path loss, fading and shadowing within the cell, 
as well as the interference of adjacent cells and noise, are increasing. Figure 2 shows the effect of both 
the path loss, fading and shadowing within cell1 and of the interference of adjacent cells (cell2 and cell3) on  
the received power level at the UE versus cell radii. 
It is clear that when the radius increases, the received power level of BS1 decreases and  
the interference power of BS2 and BS3 increases, reaching a maximum at the edge of cell1. This can be 
expressed as the SINR given in (5) and defined as the ratio between the received power level of BS1 and  
the interference power of BS2 and BS3 plus noise. Figure 3 shows the SINR over different radii. Where that  





Figure 2. Cell radii versus received power level at 
Ptx_BS1= Ptx_BS2 = Ptx_BS3 = 32.04 dBm 
 
Figure 3. Cell radii versus SINR 
 
 
As shown in (4), the data rate is directly proportional with the antennas and bandwidth, and 
logarithmically proportional with SINR. Hence, the key 5G considerations are focused on the physical layer 
(PHY), intensive deployment of 5G small cells with mm-waves along with large MIMO:  
-  5G Small cells, radio coverage of 5G small cell BSs is 200 m. However, a simulation of network 
parameters for different cell radii is performed. As shown in Figure 3, when the distance between the BS 
and UEs has increased, SINR is degraded, which considered as the metric for quality of wireless 
connections. Thus, the worst received wireless signal of 5G small cell BS is -10.6dB at the edge of 
the cell1; which will reflect on the data rate as shown in (4) as well as on the amount of data transferred in 
the joule, as shown in (2); due to using a low order of modulation technique. 
-  Millimeter wave (mm-wave): a three BW values have investigated to cover the most potential standards, 
which are 0.25, 0.5, and 1 GHz. Based on (4), Figure 4 shows the relationship between the data rate and  
the SINR values for different bandwidths and for 64 transmit antennas.  
The following analysis discusses the data rate at the edge of cell 1 over different of the BW values. 
As shown in Figure 5, the data rate up to 1.93, 3.86, and 7.72 Gbps with BW 0.25, 0.5, and 1 GHz, 
respectively. Which obtained based on (4). It is clear that at the largest BW the data rate amounted four times 
at the lowest BW. These results mean that the 5G small cell can support a new high-speed data application, 
including multimedia communications, online gaming, and high-quality video streaming. Anyway, since that 
the EE is a function of the data rate and BS power consumption. The EE performance versus the SINR for 
different BWs is shown in Figure 5, based on the multi-5G small cells network system proposed in Figure 3. 
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The total power consumption in this type of system grows proportionally with transmission power of the base 
station Ptx_BS as is shown in (3). As shown in Figure 5, the EE achieved at a 0.25 GHz BW and 64 antennas at 
the edge of the cell1, where the SINR is -10.6 dB, can be up to 5.18 Mbits /J. This result computed using (2), 
a data rate of 1.93 Gbps taken from Figure 4, and by dividing by the total power consumption of 372.86 W 
(according to as shown in (3) 64× [(4.12+0.7) / (1-0.08) (1-0.1)]). However, with a 1 GHz BW and  
64 antennas, the EE can be as high as 20.70 Mbits/J, resulting in data rates of up to 7.72 Gbps, as shown  










Figure 5. Energy efficiency versus different SINR values for different  
BWs at Ptx_BS1= Ptx_BS2 = Ptx_BS3 = 32.04 dBm and NAnt=64 
 
 
-  Large MIMO, is another method that can increase the capacity and EE [21-23]. Using Large MIMO 
technology, providing high multiplexing as well as array gain at the same time. Large MIMO technology 
is not only spectrum efficient but energy efficient as well. As the number of BS antennas increases, 
the received SINR increases linearly [24-26]. Figure 6 summarizes the data rate that can be achieved with 
various numbers of antennas for different BWs at the edge of cell1. 
At the edge of cell1 (radius tual 200 m) where the SINR is the lowest (-10.6 dB), the total data rate 
with a 0.25 GHz BW and 32 antennas can be up to 0.96 Gbps. With a 1 GHz BW the total data rate can be up 
to 3.86 Gbps with the same number of antennas. However, the multiple signal paths due to multiple antennas 
at the transmitter are responsible for the large throughput. It is clear that when using 64 antennas, the data 
rate (1.93 Gbps with 0.25 GHz BW, and 7.72 Gbps with 1 GHz BW, respectively) is 2 times greater 
compared with using 32 antennas. 
The data rate increases with an increasing number of antennas, and the EE is a function of the data 
rate (as shown by (2)). Therefore, the EE improves with a larger BW size and a larger number of antennas. 
Figure 7 shows EE versus the number of antennas for different BWs at the edge of cell1. At the edge of cell1 
where the SINR is the lowest (-10.6 dB), the total EE with a 0.25 GHz BW and 16 antennas can be up to  
1.29 Mb\j. With a 1 GHz BW the total EE can be up to 5.17 Mb\j with the same number of antennas. While, 
with 32 antennas the total EE with a 0.25 GHz BW can be up to 2.59 Mb\j, and with a 1 GHz BW the can be 
up to 10.35 Mb\j. Moreover, the EE values increased 4 times with a 64 antennas compare with 16 antennas, 
which amounted 5.17 Mb\j with a 0.25 GHz BW and 20.70 Mb\j with a 1 GHz BW. 
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Figure 6. Data rate versus different BWs values for 
different number of antennas at Ptx_BS1= 32.04 dBm 
and the lowest SINR (at edge of cell1) 
 
Figure 7. Energy efficiency versus different  
BW values for different number of antennas at  
Ptx_BS1= Ptx_BS2 = Ptx_BS3 = 32.04 dBm and  




This paper presented a model and an investigation of the EE of multi-5G small cell system cellular 
networks. In addition, the concepts of new technologies of the large MIMO in the millimeter range 
communication, are considered. Since that the EE is a function of both the data rate and the total BS power 
consumption. Therefore, the EE improves with a larger BW size, a larger number of antennas, and decrease 
the total BS power consumption. The simulation results show that the large BW and the number of antennas 
combined with a high SINR increases the throughput, which increases the number of bits transferred per 
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